ABSTRACT
INTRODUCTION
Some decades ago Boyden (1977) identified two major lines of progress in research on metal contamination in mussels. The first aimed to predict the maximal permissible concentration of a metal in edible species, and the second focused on the identification of species with characteristics qualifying them to be used as metal indicators. A third line, involving metal speciation and the synergic and antagonist effects produced by metal interactions, is still in progress and has been for some decades.
It is obviously important to compare the metal concentrations in different species living in the same environment; but it is just as important to compare the metal content in populations belonging to the same species and settled in different environments. In fact, it is from studies on this subject that the influence of the environment on contamination at population level may be estimated. Starting from this premise, the present study focused on the relationships between mercury concentration and the size of mussels belonging to two populations of the same species (Unio pictorum mancus) living in two lakes with a different trophic level: the oligomesotrophic Lake Maggiore and the eutrophic Lake Candia.
Mercury, calcium and selenium and their interactions are one of the subjects of this study. Mercury was considered because of its toxicity; along with cadmium and lead, it is regarded as the most toxic metal by national and international norms. Since mercury concentrations in the water of both lakes are too low (≤0.005 µg L -1 ) to damage mussel populations, we did not have to take into account the direct effects of mercury on the mussel metabolism. Calcium was considered because of the important role it plays in the metabolism of all the community species, particularly that of shelled molluscs. In addition, the mercury taken up by molluscs is primarily bound by the calcareous granules in the soft tissues.
Selenium and mercury are different because selenium is a non-metal belonging to the calcogenic group, whereas mercury is a transition metal of the B group. Both of these elements may produce stable complexes. Selenium, like mercury, is present in the environment also in methylated forms and consequently is available to the biota.
There is agreement on the important role played by selenium in the detoxification and mobilisation/immobilisation processes of mercury (Byrne & Vesk 2000; Chen et al. 2001; Belzile et al. 2006,) . In fact, one of the treatments proposed to reduce the effects of mercury contamination in water bodies, and in particularly the mercury concentration in biota, is the addition of a low concentration of selenium (<1 µg L -1 ) (Turner & Rudd 1983) .
One of the most important factors controlling mercury concentration in aquatic organisms is primary production. Rudd & Turner (1983) tried to reduce mercury contamination by stimulating primary production through nutrient addition (P and N compounds), but they failed to obtain a satisfactory result. On the contrary, a decrease of selenium in the food chain caused by a "dilution" effect was observed as a result of the enhanced tissue growth-rate.
The main subjects of this study were the following: 1) the interrelations between mercury content and mussel size; 2) the relationships between mercury, calcium and selenium; and 3) the relationships between mussels, mercury and the environment.
The increasing number of researches on these subjects published during the last decades demonstrates the importance of these studies and the need for close collaboration between ecologists and chemists.
MATERIAL AND METHODS
A detailed description of the methods used has been reported elsewhere (Ravera et al. 2007a, b) .
Material
The sub-species used in this study was Unio pictorum mancus (Mollusca, Unionidae). This mussel has important characteristics which make it a useful indicator of trace metals in the environment (Ravera et al. 2007a, b) ; for example, it has a wide geographical distribution, a relatively long life-span, a sedentary behaviour, and it can accumulate several toxic metals without apparent damage, thanks to its various detoxification systems (Boyden 1997; Hochwald 1997; Byrne 2000) .
Study sites
The research was carried out in two Northern Italian lakes (Tab. 1; Fig. 1 ): the deep Lake Maggiore (N 45°50'19'' and E 8°37'17'') and the shallow Lake Candia (N 45°19'32'' and E 7°54'38''). One sampling station (Sabbie d'Oro) was located on the south-eastern side of oligo-mesotrophic Lake Maggiore near the village of Brebbia (Province of Varese), the other (Lido) on the south-eastern side of the eutrophic Lake Candia (Province of Turin). The main morphometric characteristics of both lakes are reported in table 1 and figure 1.
Tab. 1. Morphometric parameters of Lake Maggiore (Ambrosetti et al. 1992) and Lake Candia (Giussani & Galanti 1992 In evaluating the influence of environmental conditions on the mussels, the differences between the sampling sites must be considered. For example, in the Lake Candia sampling site mussel food is very abundant, the sedimentation rate is high and the sediments are very rich in organic matter. During summer at the sediment- water interface the concentration of oxygen is very low or null and, consequently, ammonia and sulphide concentrations are sometimes very high. In the Lake Maggiore sampling station the water renewal is very active thanks to the waves, and the oxygen concentration and water transparency are optimal. The most important cause of mussel mortality is the periodical dryness of large littoral areas due to the combined effect of a decrease in lake water level and the gentle slope of the coastal zone.
Obviously, a study on one single sampling station for each lake cannot represent the ecological situation of the littoral zone of the entire lake. However, this study focused on evaluating some differences between two populations of the same species (Unio pictorum mancus) living in different habitats.
Sampling and sample preparation
Mussels were collected by hand at random during May 2007 from the littoral zone of Lake Maggiore (Sabbie d'Oro station) and Lake Candia ("Lido" station) (Strayer & Smith 2003 ). The mussels were preserved in plastic bags in an ice-box and taken to the laboratory. The shell length was measured by callipers and the soft tissues of each individual were weighed separately and kept at -20 °C until analysis. The shell length of the Lake Maggiore mussels ranged from 14 to 76 mm and that of the Lake Candia mussels from 49 to 95 mm. 28 mussels were collected in Lake Maggiore and 25 in Lake Candia.
Chemical analyses and instrumentation
Standard solutions were prepared by dilution of a 100 mg L -1 multielement standard obtained from CPI international with the same acid amount used for sample dissolution. High-purity water (electrical resistivity >18 MΩ-cm) was produced with a Milli-Q system. Sub-pure nitric acid was obtained with a sub-boiling system (Milestone mod. Subpure).
Mercury was measured directly by using solid/liquid atomic absorption spectrometer Hg analyser (Advanced Mercury Analyzer, AMA 254 mod., FKV). To analyse Ca and Se, the samples were pulverised and about 500 mg mineralised with 8 mL of HNO 3 (65% m/v) and 1 mL of H 2 O 2 (30% m/v) by a microwave digestion system. The analytical determination of Ca was carried out with ICP-OES Perkin Elmer mod. Optima 2100 DV using a working wavelength of 317.933 nm. Selenium analyses were carried out on ICP-MS Agilent 7500 ce mod. equipped with an ORS (Octapole Reaction System). The polyatomic interference (e.g., 40 Ar 38 Ar + ) on 78 Se + was rejected using ORS with hydrogen gas (2.2 mL min -1 ). Analytical precision and accuracy were checked using standard reference materials (mussel tissue BCR 278) and replicate analysis. The quality control gave good precision (SD <5%) for almost all samples.
Calculations
The t-test was used to evaluate the statistical significance of the difference between the values of each variable measured in Lake Maggiore and Lake Candia. The degree of variability of each variable was evaluated through the coefficient of variation (% CV). Linear regression was used to quantify the relationships between the variables taken into account: shell length, dry weight of soft tissues, concentration and content of Hg, Se and Ca in the mussel tissues.
RESULTS
The mean values, standard deviation and coefficient of variation of the variables measured in the mussels from Lake Maggiore and Lake Candia are reported in table 2.
The mean mussel size (shell length and soft tissues dry weight) was smaller in Lake Maggiore than in Lake Candia individuals, and the variability (%CV) was lower in the Lake Candia sample (Tab. 2). The mean concentration and the individual content of Ca and Hg in the tissues were higher in Lake Maggiore than in Lake Candia mussels, while the Se concentration was similar in both lakes. The %CV values of Ca, Hg and Se concentration and individual content were higher in Lake Maggiore than in Lake Candia mussels. To compare the metal content in the soft tissue biomass per surface unit (m 2 ), the population density in each lake was multiplied by the individual content of Ca, Hg and Se. The content of Ca, Se and Hg in the mussel biomass per surface unit (m 2 ) is considerably greater in Lake Maggiore than in Lake Candia. Indeed, the biomass of mussels per square meter contains 438 mg Ca, 121 µg Tab. 2. Mean, standard deviation (SD) and coefficient of variation (%CV) of shell length (mm), soft tissue individual dry weight (g ind -1 ), concentration and individual content of mercury, calcium and selenium in the soft tissues of Lake Maggiore and Lake Candia mussels. ) and secondly to the higher individual content of both Ca and Hg (Tab. 2) in Lake Maggiore than in Lake Candia.
All the variables considered (shell length, tissue dry weight, concentration and individual content of Ca, Se and Hg) are significantly different in the two lakes (Tab. 2). The shell length and the tissue dry weight are significantly correlated. The relationships between mussel size and metal concentrations, and those between the concentrations of different metals in the same mussels, are schematized in figures 2 and 3. In Lake Maggiore the relationships between mussel size (shell length and tissue dry weight) and tissue metal concentrations are positive for Ca, negative for Se, and not significant for Hg (Fig. 2) . In Lake Candia the relationship is negative for Se, and not significant for Ca and Hg. In Lake Maggiore a negative relationship was found between Ca and Se concentrations in mussel tissue, while no significant relationship was found between Ca and Hg and Se and Hg. In Lake Candia, Ca concentration is negatively related to both Se and Hg, while no significant relationship was found between Se and Hg.
DISCUSSION AND CONCLUSIONS

Interrelations between mercury concentration and mussel size
The concentration of metal in mussel tissues is the result of a balance between the tissue growth-rate and the metal accumulation rate. If the tissue growth rate exceeds the accumulation rate, the concentration of mercury decreases with mussel size, while the opposite occurs when the mussel grows more slowly than the rate of metal accumulation (Boyden 1977) . In the first case, even when there is a decrease in the concentration of the metal, the metal content may increase. The lack of a statistically significant relationship between the metal concentration and a biological variable generally testifies to the mutual independence between the variables. However, in some cases this independence is not real, but may be due to an excessively narrow size range between the smallest mussel and the largest one. If the size range of mussels in a sample is relatively narrow, it is quite probable that the animals' ages are not different enough to result in a significant difference in the concentration of metal accumulated over time (e.g., Kwan et al. 2003) .
The size (length of the shell or weight of tissues) of the mussel seems to be one of the most important biological variables influencing metal concentrations in mussel tissues. Many studies, most of them on marine mussels, deal with this relationship, but the question is still open. In fact, there is general agreement on the significant and positive relationship between metal content in the tissues and mussel size, whilst the relationship between metal concentration and mussel size may be positive, negative or not statistically significant. Some selected examples may illustrate this variability. Fowler et al. (1978) observed a negative relationship between mercury concentration in Mytilus galloprovincialis and the size of the animal. Conversely, Wiesner et al. (2001) noted a positive relationship between the size of Dreissena polymorpha and mercury concentration. Researching the influence of the size of Mytilus galloprovincialis on the concentration and content of 8 elements (Hg, Cd, Pb, Cr, Ni, As, Cu and Zn) in the tissues of the mussel, Saavedra et al. (2004) found the following results: a) a positive relationship between element content and shell length; b) the concentration of the elements in the tissues did not seem to depend on the shell length; and c) a positive relationship between the weight of soft tissues and shell length. Kwan et al. (2003) carried out a study to evaluate the influence of Dreissena polymorpha size on the concentration and content of 11 elements. Their results show that the elements may be assessed in two groups. The elements of the first group (As, Pb, Mn, Se and Hg) show no significant relationship between tissue weight and concentrations, while a positive correlation between elements content in the tissues and their wet weight was observed. The elements of the second group (Cd, Ni, Cr, Ca, Zn and Cu) were characterized by a positive correlation between elements concentration, as well as metal content, and mussel weight. In addition, the concentrations of these elements were significantly correlated between each other.
Our study clearly revealed that, in both lakes, the individual mercury content (µg ind -1 ) in mussel tissues increases with mussel size (shell length and tissue weight). In contrast, mercury concentration (mg kg -1 ) is independent of mussel size, except for a tendency towards a decrease of Hg concentration with mussel weight in Lake Candia. This negative relationship is commonly interpreted as the result of a tissue growthrate exceeding the Hg uptake-rate, with a consequent "dilution" of the mercury in the tissues (e.g., Boyden 1977).
Relationships between mercury, calcium and selenium
Several marine and freshwater bivalves (e.g., Mytilus, Dreissena, Unio, Anodonta) can survive and reproduce in environments heavily contaminated by toxic metals. This is due to the mussels' capacity to prevent or minimize, at least in part, the effects produced by toxic elements. For example, the elements may be removed from the organism by excretion, or neutralized by formation of organo-metals, but most of the metal is sequestered by the extracellular calcareous granules present in the soft tissues (Boyden 1977; Jeffree & Simpson 1986; Jeffree 1988; Jeffree et al. 1993; Moura et al. 1999) . Fig. 2 . Lake Maggiore. Relationships between the concentrations of metal (Ca, Se and Hg) pairs in the mussel tissues (A), and between the metal concentrations in mussel soft tissues and mussel size: shell length (B) and tissue dry weight (C). n.s. = not significant, *=p <0.05; **=p<0.01; ***=p <0.001. Fig. 3 . Lake Candia. Relationships between the concentrations of metal (Ca, Se and Hg) pairs in the mussel tissues (A), and between the metal concentrations in mussel soft tissues and mussel size: shell length (B) and tissue dry weight (C). n.s. = not significant, *=p <0.05; **=p <0.01; ***=p <0.001.
These granules are abundant in the tissues and, according to Byrne (2000) , their total dry weight is equivalent to that of the soft tissues. Because of the small size (0.5÷2.5 µm) and abundance of the granules, the free surface of the total granules is very large; this facilitates the links between the granules and several metals analogous to calcium. Jeffree et al. (1993) estimate that 92-97% of the metals present in the mussel is tied to the granules; Markich et al. (2001) calculated percentages ranging from 74% to 90%. This means that the granules are an important calcium store and, due to their low solubility and great capacity to sequester metals, represent an effective defence for a bivalve which may live in metal-contaminated environments (Jeffree & Simpson 1986; Jeffree 1988; Jeffree et al. 1993) . On this basis Byrne & Vesk (2000) and Markick et al. (2001) proposed the use of granules as a valuable indicator of metal pollution level.
The relationship between Ca and Hg concentrations in Lake Maggiore mussels is not significant, suggesting that Ca has no evident influence on the Hg concentration (Fig. 2) . In contrast, for Lake Candia mussels this relationship is significant and negative, i.e. the behaviour of Ca is antagonistic to Hg (Figs 2 and 3) .
Since the 1960s the protective action of selenium against the toxic effects of mercury has been the subject of many researches on terrestrial animals and fish; however, the information on aquatic invertebrates (e.g., mussels) is rather poor (e.g., Pelletier 1986; Micallef & Tyler 1987; Wang et al. 2004) . Belzile et al. (2006) described the effects of selenium on mercury uptake in net-plankton, fishes and macroinvertebrates. Rudd et al. (1980) and Turner & Rudd (1983) , from the results of experiments carried out in enclosures, concluded that the effects of mercury in freshwater organisms are delayed when the selenium concentration in the water is very high. Micallef & Tyler (1987) studied the effects of mercury and selenium in Mytilus edulis. Chen et al. (2001) calculated a negative relationship between selenium and mercury concentrations in the muscle of bivalves. Pelletier (1986) observed that the selenium accumulation in Mytilus increases in the presence of mercury, but the mercury accumulation is not influenced by selenium. In conclusion, the opinion of the authors on the protection afforded by selenium from the effects of mercury is not unanimous. We failed to find any relationship between the selenium and mercury concentrations in Unio populations of both lakes, so that we have to conclude that they seem to be independent of each other (Figs 2 and 3 ). According to Belzile et al. (2006) , to obtain a negative relationship, the total mercury must be substituted by the organic forms (mainly methylmercury MeHg), because a part of total mercury may be not available to organisms.
A negative relationship was found between Ca and Se in both lakes. Therefore, we may speculate that selenium can affect mercury concentration not directly but through its effects on calcium concentration, which in turn, at least in Lake Candia, seems to reduce mercury accumulation.
Relationships between mussel, metals and environment
The influence of a population on the cycle of elements in the environment is also proportional to the amount of element contained in its biomass.
The mercury content in mussel biomass was about eleven-fold higher in Lake Maggiore (5.99 µg m -2 ) than in Lake Candia (0.55 µg m -2 ) due to a 1.8 higher individual content (0.128 µg ind -1 and 0.079 µg ind -1 respectively) as well as about a 7-fold higher population density. The mean local population density is 46.86 ind m -2 in Lake Maggiore but only 6.93 ind m -2 in Lake Candia (Ravera et al. 2007a) . Even though the individual soft tissue weight was greater in mussels from Lake Candia (2.38 g ind -1 ) than those in Lake Maggiore (1.48 g ind -1
), the individual content was 0.62-fold of that in Lake Maggiore, probably because of the diluting effect caused by a higher individual growth rate under eutrophic conditions (Ravera et al. 2007b) .
Differences in growth rate, as well as in population density, are obviously the result of the interaction between environmental conditions and organism adaptation, and should obviously reflect the direct and/or indirect effects of the trophic level of the environment. Eutrophication is one of the commonest and most efficient causes of ecosystem change, and consequently also affects mussel populations (e.g., Agrell 1948; Patzner & Müller 2001) . Due to its complex life cycle, Unio pictorum mancus is influenced by different variables during its successive life stages (glochidium, parasitic stage, juvenile and adult). For instance, the survivorship of glochidia is dependent on fish which is both their predator and their host, while juvenile survivorship is strongly influenced by substratum quality and by the chemistry of the sediments. Populations of the same species (Unio pictorum mancus) adapted to environments with very different trophic levels, such as Lake Maggiore and Lake Candia, show marked biological and chemical differences (Ravera et al. 2007a, b) . We might advance some hypotheses to explain these differences. Even though individual growth is enhanced by higher food availability in Lake Candia, another effect of eutrophic conditions could be to reduce juvenile survivorship. In fact, Agrell (1948) demonstrated that juvenile mortality can be so high that it strongly reduces population density, and Hochwald (1997) showed that juveniles are very sensitive to environmental stresses and, particularly, to indirect as well as direct effects of eutrophication. We showed in a previous research that the relative proportion of small individuals is lower in Lake Candia than in Lake Maggiore, supporting the hypothesis of a reduced recruitment (Ravera et al. 2007a ). Since we can exclude the effect of other envi-ronmental stresses (such as toxic pollution, heavy predation impact or wide water level fluctuations) on the Lake Candia population, recruitment failure is probably attributable to the effects of eutrophication (such as oxygen depletion, increased ammonia and sulphide concentration, fine sediment resuspension), probably due to post-settlement mortality in the sediment (Helson & Gardner 2004) . In contrast, the Lake Maggiore population experiences a lower trophic level and is exposed to waves which provide continuous water renewal, assuring a year-round high oxygen concentration. Juvenile recruitment can be expected to be higher than in Lake Candia, a hypothesis which is confirmed by the higher proportion of young individuals in the population. The major cause of mussel mortality is the fact that a fairly large littoral area is subject to drying up, with a reduction of water level occurring once or twice per year. A comparison of the size structure of the living population with that of dead mussels along the lake shore showed that this kind of mortality is not size dependent and does not affect population age structure. Even though thousands of individuals die following these drought events, a very high and relatively constant population density is maintained over years, providing further support to the hypothesis of a very high annual recruitment (Ravera et al. 2007a) . It therefore seems logical to conclude that lake trophy and water renewal affect population density and individual growth rate, and ultimately determine their impact on biogeochemical cycles by regulating the mussel standing stock.
